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Abstract
This paper presents the results of several experimental analyses performed on a bio-
based sandwich structure. The material studied is made up of thermoplastic skins
reinforced by flax fibres and applied to a balsa core. It is produced by a single-step
liquid resin infusion process. First, the skin–core interfacial properties were measured
and compared with those of the existing materials. Then, several quasi-static and
dynamic analyses were performed to study the flexural behaviour of sandwich
beams. The elastic and ultimate properties of the skins and core were deduced from
these flexural tests. In addition, a failure mode map was developed based on the
existing theories to explain the failure modes observed under different boundary con-
ditions. The influence of the statistical spread of the core’s mechanical properties
on the failure of sandwich beams was considered. Moreover, fatigue analyses were
conducted to determine the fatigue resistance of this bio-based structure. Its behaviour
was compared with that of the previously tested non-bio-based sandwich beams.
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Finally, the fatigue loss factor evolution of this structure under several loading ratios
was measured and discussed. This study aims to determine some of the main mechan-
ical properties of this material to see whether or not it might be suitable for industrial
applications currently using glass fibre reinforced polymer/foam cored sandwich
structures.
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Introduction
In recent years, bio-based composites have become a subject of interest in com-
posite research and in numerous industrial fields [1–4]. To reduce the environmen-
tal impact while providing high technical properties, the use of vegetal fibre
reinforced polymers (VFRP) is being widely studied. Plenty of research work
has already proven that such materials may be suitable for industrial applications
that currently use glass fibre reinforced polymers (GFRP) [5,6]. Moreover, ther-
moplastic composites are also widely being studied because they allow the recy-
cling of composite materials – a significant aspect of the end of life management of
traditional thermoset composites. As a consequence, potentially recyclable bio-
based sandwich structures may be serious contenders to face further industrial
challenges. Sandwich materials are usually made of a light core inserted between
stiff and resistant skins. This increases the quadratic moment of the structure,
resulting in very high stiffness and strength with minimal impact on the mass.
Although the number of research projects appears to be smaller concerning bio-
based sandwiches than bio-based composites, several authors have already studied
such materials and revealed interesting physical properties. Mancuso et al. [7]
recently presented a flexural analysis of a green sandwich composite of flax fibre
reinforced facings and cork core. They discussed the influence of three different
manufacturing techniques. Cork appears indeed to be often studied as a core
material [8,9]. One of its main advantages is its ability to absorb energy. Balsa
wood is also among the most frequently studied bio-based cores due to its high
specific compressive and shear properties [10–12]. It has often been used in marine
applications reinforced with GFRP [13]. Le Duigou et al. [14] have studied a fully
bio-based sandwich made of polylactic acid (PLLA)/flax skins and a balsa core
manufactured in a single-step thermocompression process. They achieved good
mechanical properties and proved that the manufacturing of this material had a
lower environmental impact than sandwiches with GFRP skins. Karaduman et al.
[15] also studied the flexural properties of a sandwich beam made up of lute/
polypropylene (PP) skins and a balsa wood core. The authors emphasised the
higher mechanical stiffness and strength of the balsa core compared to polyethyl-
ene terephthalate (PET) foam or PP honeycomb cores. In addition to its good
specific properties, balsa wood has also been studied and used a lot because of
other interesting properties. Kandare et al. [16] have emphasised the interesting fire
reaction of a balsa cored structure with skins made of flax/epoxy. Moreover, sev-
eral studies prove that the use of natural materials in sandwich structures may
result in enhanced vibration damping properties [17,18].
In this context, the present paper focuses on the experimental quasi-static and
fatigue characterisations of a bio-based sandwich structure made up of thermo-
plastic skins reinforced with flax fibres and a balsa core. This material, manufac-
tured in a single-step liquid resin infusion process, brings new perspectives to the
development of potentially recyclable bio-based structures. Thus, several mechan-
ical tests were conducted to determine its main mechanical properties. Some of
them were compared to those of traditional non-bio-based materials in order to see
whether or not this material would be suitable for applications currently using
GFRP/foam core sandwiches.
Experimental program
Materials and manufacturing
The reinforcement used is a 200 g/m2 dry FlaxTape manufactured by LINEO [19].
It is composed of purely unidirectional technical and elementary flax fibres. The
resin used is the innovative ELIUM RT-150 thermoplastic liquid resin produced
by ARKEMA [20]. The low viscosity of this resin allows the manufacturing of
thermoplastic composites with processes such as resin transfer molding, usually
used for thermoset composites. In this study, sandwich structures were produced in
a single-step liquid resin infusion process at room temperature, described in a
previous work [18]. A typical panel obtained with this process is presented in
Figure 1. BALTEK balsa panels with a density of 150 kg/m3 were used as the
core. To facilitate the resin infusion, balsa panels cut into regular elementary
blocks (25 mm 50 mm 15.9 mm) and assembled on a thin mesh grid were
used. The gaps between adjacent blocks facilitate the migration of the resin from
the upper to the lower parts. These balsa panels are illustrated in Figure 2(a).
One can remark that these elementary blocks are made up of several pieces of
wood, coming from different trees. As a consequence, the core density is locally
scattered. To quantify these variations, 50 elementary blocks were randomly
extracted, measured and weighed. Figure 2(b) presents the frequency distribution
histogram of these blocks. A Gaussian law with an average value of m = 150 kg/
m3 and a standard deviation of r¼ 27, leading to a CoV of 18%, was used to
describe this statistical spread. This high local scattering is expected to have con-
sequences on the failure behaviour of this sandwich structure. As a matter of fact,
lot of authors [21–24] have proven that the mechanical properties of balsa wood
closely depends on its density because of its cellular microstructure. As a conse-
quence, these authors proposed a correlation between mechanical properties P
(such as Young’s or shear modulus, failure stresses, etc.) and wood density q
with the following form
P ¼ Cqa (1)
with C and a determined experimentally.
Figure 1. Flax/Elium/Balsa sandwich panel.
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Figure 2. (a) Type of balsa core panel used; (b) statistical dispersion of the density.
For this study, two different sets of specimen were prepared. For one of them,
labelled [0]5, the skins were made up of five unidirectional plies of flax, and for the
other one, labelled [0/90]s, the skins were made up of four plies of flax with a [0/90]s
stacking sequence. Unidirectional [0]5 specimens were first tested in order to
achieve sufficient stiffness to observe compressive failure of the skins and core
shear failure in a satisfying range of span length values. [0/90]s specimens were
then tested to provide results and information concerning a common bi-directional
layup more often used in numerous applications.
Skin core interface strength testing
The skin–core interfacial strength was investigated through flatwise tensile tests
performed according to the ASTM C297/C297M [25] standard test method. This
experimental test consists in loading sandwich square samples under stress along
an axis parallel to the thickness. Five [0/90]s samples with a section of 40 mm40
mm were tested with a grip separation rate of 1 mm/min. The load was measured
with a 100 kN force sensor and the displacement applied was measured with a
linear variable differential transformer. The failure modes of the different speci-
mens were analysed. Only samples exhibiting a typical skin/core interface failure
mode were considered for calculating the interfacial ultimate stress.
Flexural tests
To study the flexural behaviour of this sandwich structure, three-point bending
tests were performed according to the ASTM C393 and ASTM D7249 [26,27]
standard test methods. First, monotonic tests were performed on two different
sets of sandwich beams with a crosshead displacement speed of 5 mm/min.
Then, quasi-static cyclic tests were performed to investigate the evolution of per-
manent damage and beam stiffness. Based on these results, [0]5 and [0/90]s beams
were tested in monotonic three-point bending with different span lengths in their
elastic domain in order to determine the main elastic properties of the components,
such as the Young’s modulus of the skins and the shear modulus of the core.
Finally, failure analysis was performed on [0]5 specimens. The span length
varied from 80 to 250 mm. Short beam tests were used to determine the shear
strength of the core whereas long beams tests were used to measure the ultimate
properties of the faces. Tests were repeated for each boundary condition in order
to take into account the dispersion of the results due to the materials and exper-
imental conditions. This experimental program is summarised in Table 1.
Fatigue tests
To investigate the fatigue behaviour of this sandwich structure, three-point bend-
ing dynamic cyclic tests were performed for [0/90]s specimens. Two different span
lengths (d¼ 110 mm and d¼ 250 mm) were used in order to distinguish the flexural
and shear dynamic behaviour. To compare the results with previous analyses
performed in the laboratory with non-bio-based glass/epoxy/PVC foam core sand-
wiches, the fatigue tests were displacement-controlled with a frequency of 5 Hz.
Fatigue analyses performed on flax/epoxy composites [28] and balsa cored sand-
wiches [29] seem to indicate that this frequency is not likely to cause a significant
temperature increase in the structure. For the span length d¼ 250 mm, specimens
were loaded with an average displacement Dm defined as 50% of the failure dis-
placement under quasi-static monotonic three-point bending tests DR. The ampli-
tude of displacement was then varied in order to increase the loading ratio r
defined by
r ¼ Dmax
DR
(2)
where Dmax is the maximum displacement applied during the cycle. For the span
length d¼ 110 mm, the average displacement Dm was defined as 40% of the failure
displacement, in order to avoid early core shear failure. At least three specimens
per loading configuration were tested. This experimental program is summarised in
Table 2, which presents the displacement amplitude applied to achieve different
loading ratios.
Quasi-static analysis
Interface strength
The quality of the skin–core interface is among the first-order problems in sand-
wich design. The flexural properties of the complete structure rely on this
Table 1. Quasi-static flexural tests: Experimental program.
[0]5 Span length (mm) 300 250 230 210 190 170 150 110 80
No. of specimen tested 3 5þ 1a 5 5 5 5 5 6 5
[0/90]s Span length (mm) 300 250 230 210 190 170 150 110 80
No. of specimen tested 3 5þ 1a 0 5 5 5 5 5 0
aQuasi-static cyclic test.
Table 2. Fatigue tests: Experimental program.
Span length (mm) d¼ 250 d¼ 110
Amplitude (mm) 1 1.5 2 2.5 3 0.1 0.2 0.3 0.4 0.5 0.6
r (%) 60 65 70 75 80 50 55 60 65 70 75
No. of specimen tested 3 3 3 3 3 3 3 3 3 3 3
mechanical connection. For this reason, flatwise tensile tests were performed to
measure the interfacial strength of this bio-based sandwich and to compare it to
those of existing materials. The experimental load–displacement curves obtained
are presented in Figure 3(a). Satisfactory repeatability is achieved, with failure load
scattering that does not exceed 15%. The interfacial failure stress is shown in
Table 3, which compares the results obtained with those of several authors for
different kinds of sandwich materials tested in flatwise tension [30–33]. Figure 3(b)
presents these failure stresses normalised by core density. The specific interfacial
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Figure 3. Flatwise tensile tests results: (a) load–displacement curves; (b) specific interfacial
strength of different sandwich materials.
strength of the Flax/Elium/Balsa sandwich appears to be very promising, com-
pared to PVC foam sandwiches. There may be at least two reasons to justify these
good interfacial properties. First, the gaps between adjacent balsa wood blocks,
visible in Figure 2(a), result in a regular pattern of resin inside the core which
certainly contributes to the skin–core interface quality. Then, the open cell config-
uration of the core allows the absorption of a certain amount of resin. Due to the
low viscosity of the resin, which can penetrate the larger pores, mechanical anchor-
ing is created between the skins and the core. This phenomenon has been described
by Le Duigou et al. [14] by means of X-ray tomography analyses of PLLA/Flax/
Balsa sandwich structures.
Flexural properties of sandwich beams and elastic properties of their
components
As sandwich structures are mainly subjected to flexural loadings, different tests
were conducted to investigate the flexural behaviour of Flax/Elium/Balsa sandwich
beams. First, two sets of [0]5 and [0/90]s beams were tested in three-point bending
with a span length of 250 mm. Figure 4(a) presents the force–displacement
curves obtained. [0]5 specimens appear, as expected, stiffer and more resistant
due to the higher mechanical properties of the faces. Moreover, the linear elastic
domain seems more pronounced. On the contrary, [0/90]s specimens exhibit a
shorter elastic domain followed by a nonlinear behaviour. Figure 4(b) presents
the force–displacement curves obtained for both specimens tested in quasi-
static cyclic loading. Based on these results, the evolutions of the stiffness
and the permanent displacement with the number of cycle were measured.
These evolutions are presented in Figure 5. It is worth noting that for both
types of specimen, a permanent displacement is observed after the second cycle,
associated with a stiffness decrease. This results from the appearance and increase
of damage mechanisms in the structure. The irreversible displacement measured
may also be attributed to the plastic behaviour of the Flax/Elium thermoplastic
composite skins.
Table 3. Material properties and skin–core interfacial strength of different sandwich materials.
Specimen Skin Core qc (kg/m
3) ri (MPa) Reference
A Carbon Fiber/
Epoxy
Aluminum
honeycomb
39.5 0.86 Hou et al.30
B Flax/Elium Balsa core 150 2.28 Experimental
C Glass/Epoxy PU foam 96 0.79 Tuwair et al.31
D Glass/Epoxy PP honeycomb 110 0.8 Correia et al.32
E Carbon/Epoxy PU foam 160 1.04 Sok et al.33
Based on these results, an elastic analysis was performed on these two different
sets of sandwich beams to determine the main mechanical properties of the skins
and core. Under three-points bending loadings, the relation between the applied
load P and the deflection W is given by
W
Pd
¼ d
2
48D
þ 1
4N
(3)
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Figure 4. Quasi- tests performed on sandwich beams with two different skin configurations:
(a) monotonic three-point bending; (b) quasi-static cyclic loading.
where d is the span length, and D and N the flexural and shear rigidity of the beam.
Considering a symmetrical sandwich cross section, we have
D ¼ Eft
3
f
6
þ Eftfh
2
2
þ Ect
3
c
12
¼ 2Df þD0 þDc (4)
with Ef and Ec the Young’s modulus of the skins and the core, tf and tc their
respective thickness, h ¼ ðtf þ tcÞ, Df the bending stiffness of the faces about
their individual neutral axes, D0 the bending stiffness of the faces about the
middle axis and Dc the bending stiffness of the core. Considering the thin face
and weak core approximations, respectively given by
2Df
D0
< 0:01 and
Dc
D0
< 0:01 (5)
The flexural rigidity D and shear rigidity N per unit of width of the beam can be
simplified
D ¼ Eftfh
2
2
and N ¼ Gch
2
tc
(6)
Then, the span length was varied from 110 to 300 mm and the beams were tested
in their elastic domains. Figure 6(a) presents the evolution of the W=ðPdÞ ratio
with respect to the square of the span length d2. The experimental plots can be
0
0,2
0,4
0,6
0,8
1
1,2
0
0,5
1
1,5
2
2,5
0 2 4 6 8 10
Pe
rm
an
en
t d
isp
la
ce
m
en
tD
 [m
m
]
Number of cycle
Stiffn
ess
K
/K
0
D
K/K0
[0/90]s[UD]5
Figure 5. Evolution of the stiffness and irreversible displacement with the number of cycle.
fitted by a linear equation. According to equation (3), it is possible to deduce
the equivalent flexural rigidity D from the slope of the linear fitting, and
the shear rigidity N from the intercept. As a consequence, the Young’s modulus
of the Flax/Elium skins and the shear modulus of the balsa core were
deduced using equation (6). The results are presented in Table 4. The Young’s
modulus of the skins measured for both sets of specimens are very close to
the Young’s moduli of unidirectional and [0/90]s Flax/Elium laminates measured
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Figure 6. (a) Evolution of the ratio (w/pd) with respect to the span length in three-point bending
for [0]5 and [0/90]s specimens under elastic deformations; (b) comparison of the experimental
results with sandwich beam theory.
in previous studies [18,34]. On the other hand, the shear modulus of the core
appears to be 25% higher than the modulus announced by the manufacturer
and measured according to ASTM C273 test method [35]. This may be explained
by the contribution of the skins’ shear properties, as well as a contribution of a
certain amount of resin trapped in the core, particularly in the gaps between adja-
cent balsa blocks. Figure 6(b) presents a comparison of the experimental results
with the analytical theory presented in the previous section. A satisfying correla-
tion is achieved for both specimens.
Failure analysis
To determine the flexural and shear ultimate properties of the sandwich beams,
monotonic three-point bending tests were performed on [0]5 specimens with dif-
ferent span lengths. At least five beams were tested to failure for every boundary
condition. A high-speed digital camera was used to record the failure of every
specimen and identify the failure modes. Depending on the span length, two
major failure modes were identified. For the longest beams, a compressive failure
of the upper skin was observed, whereas for the shortest beam, a core shear failure
of the core occurred. These failure modes are illustrated in Figure 7. In some cases
for the shortest span length, local indentation of the core was observed below
the upper span. These specimens were ignored for the rest of the analysis. Then,
the compressive failure stress rpc of the upper skin was estimated by
rpc ¼ Pd
2tfb ts þ tcð Þ (7)
where ts is the global thickness and b the width of the beam. Moreover, the core
shear stress sc was calculated using
sc ¼ P
b ts þ tcð Þ (8)
The results obtained are presented in Table 4. Moreover, the failure stresses
measured for every specimen, normalised by the average compressive or shear
failure stress are shown in Figure 8. This figure also indicates the failure mode
observed. It is worth noting that the statistical spread of the results seems to
Table 4. Elastic and ultimate properties of the skins and core.
Ef
[0]5 rfc
[0]5 Ef
[0/90]s rfc
[0/90]s Gc sc
Unit GPa MPa GPa MPa MPa MPa
Average 24 120 11 90 225 2.5
Standard deviation 1.3 8 1.4 7 48 0.5
(a)
(b)
Figure 7. Main failure modes observed: (a) compressive failure of superior skins; (b) core shear
failure.
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decrease with the increase of the span length. Thus, for the shortest beams, the core
shear failure stress strongly depends on the mechanical properties of the balsa wood
block in which failure occurs. However, for the longest beam, the compressive
strength of the Flax/Elium composites appears to be more stable. Nevertheless, the
statistical spread observed is greatest for the particular span length d¼ 150 mm. In
this case, core shear failure or skin compressive failure are randomly observed.
To understand that, a failure mode map corresponding to the [0]5 sandwich eam
was designed. This approach, described by Gibson and Triantafillou [36] for foam
core sandwiches, consists in determining the transition equations between different
possible failure modes. It has been adapted by various of authors for numerous
loading cases [37,38]. Considering a general flexural load case, the maximum bend-
ing moment M and the maximum transverse load T can be expressed by [39]
Mj j ¼ kMPL and Tj j ¼ kTP (9)
where kM and kT depend on the boundary conditions. In three-point bending, kM
¼ 1=4 and kT ¼ 1=2. For a cellular core, with mechanical properties depending on
its density, one can express its main mechanical properties as follows
Ec ¼ CEqnc
Gc ¼ CGqnc
sc ¼ Csqmc
(10)
where CE, CG, Cs,m and n can be determined experimentally. Then, the ultimate loads
corresponding to the main failure modes existing for sandwich beams can be expressed
Compressive failure of upper skin : P ¼ rftfh
kMd
(11)
Core shear failure : P ¼ Csq
m
c h
kMd
(12)
Face buckling : P ¼ tfh
2kML
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
EfCECGq2nc
3
q
(13)
Equating these loads gives the transitions between these possible failure modes.
For example, the transition between failure due to stretching or compression of the
skin and core shear is given by
log qcð Þ ¼
1
m
log
rfkT
kMCs
tf
d
 
(14)
Thus, the failure modes map corresponding to a [0]5 sandwich beam loaded in
three-point bending is plotted in Figure 9. The experimental parameters used are
given in Table 4. The material constants introduced in equation (10) were set as
follows: CE¼ 0.35, CG¼ 1.4, Cs¼ 0.02 and m¼ n¼ 1, according to the experimen-
tal results proposed by Borrega et al. [21] and Da Silva et al. [22]. The different
specimens tested experimentally were added to this map. The vertical bars repre-
sent the core density statistical dispersion, according to the Gaussian parameters
measured in the ‘Experimental program’ section and with 95% of certainty. This
analytical study confirms that for the particular span length d¼ 150 mm, the beam
tested experimentally is located precisely at the border between core shear failure
and compressive failure of the upper skins. One can conclude that both modes are
observed randomly because of the dispersion of the core density, resulting in a
dispersion of the core mechanical properties. In conclusion, this approach appears
to be an efficient way for sizing such balsa wood cored sandwiches. The local
variation of mechanical properties can be taken into account with the simple
knowledge of the statistical dispersion of the balsa blocks’ density. Higher accu-
racy in determining the failure mode borders could probably be achieved by con-
sidering the elastic and ultimate properties of balsa wood filled with Elium resin.
However, this would require a considerable amount of experimental work.
Figure 9. Failure mode map for [0]5 specimens.
Fatigue properties
The fatigue flexural behaviour of [0/90]s Flax/Elium/Sandwich beams was also
investigated. Fatigue tests were performed to determine the lifetime of this struc-
ture under different loading ratios and to compare this structure to GFRP/foam
cored sandwiches. In this case, two different span lengths were used, d¼ 110 mm
and d¼ 250 mm, in order to analyse the shear and flexural properties of the beams.
Fatigue behaviour
First, the evolution of the mechanical properties of the beams with the number of
cycles was studied. Figure 10 presents typical evolutions of the maximum load
Fmax applied, with the number of cycles, normalised by the initial maximum
load F0, for both sets of specimens and for different loading ratios. In both
cases, the Fmax/F0 ratio follows a semi-logarithmic linear decrease which can by
expressed by
Fmax=F0 ¼ 1 Blog Nð Þ (15)
where B is the degradation rate and N the number of cycles. This corresponds to a
rapid initial loss of mechanical properties during the first 100 cycles, followed by a
progressive evolution of the damage mechanisms. This behaviour is commonly
observed for sandwich structures with GFRP skins and foam cores [40,41]. It is
worth noticing that whatever the loading ratio, the beams tested with d¼ 110 mm
present a higher degradation rate and fail earlier than beams tested with a
span length d¼ 250 mm. This indicates that this sandwich structure is more
easily damaged under shear loadings. Failure modes of broken specimens were
also analysed. As observed during the quasi-static flexural analysis presented in
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Figure 10. Evolution of the maximal load applied with the number of cycles for two different
span lengths.
the ‘Quasi-static analysis’ section, short beams exhibited core shear failure, where-
as long beams presented compressive failure.
End-of-life analysis
For both sets of specimens, endurance diagrams were plotted to determine the
end of life according to an N10 criterion for different loading ratios r. This criterion
is satisfied when a 10% decrease in the maximum applied load is observed.
Figure 11(a) presents the W€ohler diagrams corresponding to the span lengths
d¼ 110 mm and d¼ 250 mm. In both cases, high scattering is observed. This
can be explained by the randomness of fatigue failure. However, this scattering
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Figure 11. (a) Endurance diagram for [0/90]s sandwich beams and for two different span
lengths; (b) fatigue performances of the Flax/Elium/Balsa sandwich compared to other non-
bio-based materials.
is more pronounced for short beams. As a matter of fact, the correlation coefficient
r2 appears to be 20% lower. The statistical spread of the mechanical properties of
the core may explain this phenomenon. Moreover, the number of cycles to failure
according to the N10 criterion appears smaller for short beams. The magnitude of
the linear fitting’s slope corresponding to the span length d¼ 110 mm is indeed
50% greater, indicating a higher degradation rate. This confirms that this material
is more damaged when the core is subjected to shear loadings. Then, considering
that the W€ohler curves can be fitted by an expression such as the one presented in
equation (15), the value j1=Bj was used to compare the fatigue properties of the
Flax/Elium/Balsa beams tested with a span length of 250 mm to those of non-bio-
based beams tested in the same experimental conditions [42,43]. The geometrical
and material properties of the sandwich beams considered are presented in Table 5.
Figure 11(b) presents this comparison. The j1=Bj ratio is the smallest for the Flax/
Elium/Balsa beams, indicating a higher degradation rate for this bio-based mate-
rial. Nevertheless, the fatigue properties of these materials remain of a comparable
order (less than 7% of difference compared to material B). Moreover, this differ-
ence could be offset by the potential mass reduction and reduced environmental
impact of the Flax/Elium/Balsa sandwich material. This leads us to conclude that
this material would be suitable for some applications as an additional option to
GFRP/PVC foam cored sandwich structures.
Energy analysis
The previous experimental tests were used to study the energy dissipation capacity
of this sandwich structure under different loading ratios. During the fatigue tests,
the hysteresis cycles were analysed. Considering the hysteresis cycle illustrated in
Figure 12, composed of 2n experimental points, one can express the maximum
potential energy Ep applied to the system as
Ep ¼ 1
2
Xn
i¼1
diþ1  dið Þ f diþ1ð Þ þ f dið Þð Þ (16)
This corresponds to the total area under the force–displacement curve corre-
sponding to the loading phase of the hysteresis cycle. Moreover, the elastic energy
Table 5. Geometrical and material properties of different sandwich beams.
Material Fibres Matrix Core
ep
(mm)
ea
(mm)
qa
(kg/m3)
/vf
(%) Reference
S1 Flax Elium Balsa 1.6 15.9 150 35–40 Experimental
S2 Glass Epoxy PVC foam 1 15 200 50 El Mahi et al.43
S3 Glass Epoxy PVC foam 1 15 100 50 El Mahi et al.43
S4 Glass Epoxy PVC foam 3 15 200 50 Assarar42
Er is given by the area under the curve corresponding to the unloading phase which
can be calculated by
Er ¼ 1
2
Xn
i¼1
diþ1  dið Þ g diþ1ð Þ þ g dið Þð Þ (17)
Thus, the energy dissipated by the material Ed and corresponding to the area of
the hysteresis cycle is given by
Ed ¼ Ep  Er (18)
Finally, the loss factor g is calculated by
g ¼ Ed
2pEp
(19)
Figure 13 presents the evolution of the fatigue loss factor g for the sandwich
beams tested with a span length d¼ 110 mm and d¼ 250 mm, and for three dif-
ferent loading ratios r (60%, 65% and 70%). The results obtained for the span
length d¼ 110mm appear more scattered, probably due to local variations in the
mechanical properties of the core. However, it is possible to conclude that the loss
factor globally decreases with the increase in loading ratio. The opposite trend can
be noticed for the span length d¼ 250 mm. These effects of the vibration amplitude
and beam aspect ratio were also mentioned by Ganapathi et al. [44]. The authors
performed numerical analyses on sandwich beams with different core properties
and aspect ratios. They concluded that an increase in the amplitude of vibration
Dissipated Energy
Elastic Energy
Load
Displacement
Figure 12. Illustration of a hysteresis cycle and its main parameters.
implies a decrease in the loss factor, which is much more pronounced for the
smallest aspect ratios. However, for sandwich beams with higher core shear prop-
erties, the opposite tendency was observed for the higher aspect ratios.
For both span lengths, a similar evolution in the loss factor with the number of
cycles can be seen. During the first hundred cycles, a rapid decrease in the loss
factor can be observed whatever the loading configuration. For traditional cellular
cored sandwich material, this phenomenon is often attributed to the first damage
mechanisms in the core. Due to the appearance and propagation of microcracks,
part of the air trapped in the cells is evacuated and no longer contributes to overall
damping [45]. The loss factor evolution then becomes more stable for both span
lengths. Finally, increasing trends can be noticed. This increase starts earlier for the
higher loading ratios. It may be attributed to a global increase in the damage
mechanisms, dissipating more energy due to friction phenomena. However, addi-
tional experimental investigations are required to fully understand the evolution of
damages during fatigue tests. For example, acoustic emission technique could cer-
tainly provide additional information on the damage mechanisms occurring in the
facings and in the core.
Conclusion
This work focuses on the experimental analysis of the static and dynamic flexural
properties of a bio-based sandwich material made of thermoplastic skins rein-
forced by flax fibres and a balsa core. This structure is produced by a single-step
liquid resin infusion process, an interesting perspective in the manufacturing of
potentially recyclable bio-based composite structures. First, the quality of the skin/
core interface was investigated. Flatwise tensile tests revealed good interfacial
strength compared to existing GFRP/foam core sandwiches. This interesting prop-
erty was attributed to the use of a low-viscosity resin with an open-cell balsa wood
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Figure 13. Evolution of the loss factor with the number of cycles and for different loading
rations for the span lengths: (a) d¼ 110 mm; (b) d¼ 250 mm.
core made of assembled elementary blocks. Preliminary analyses performed in the
core revealed a dispersion of the mechanical properties described by a Gaussian
law. In addition, quasi-static and cyclic three-point bending tests were performed
to determine the elastic and ultimate properties of the skins and the core. Sandwich
beams were tested with different span lengths in order to analyse the flexural and
shear response of the structure. High scattering of the failure load was observed for
a specific span length, corresponding to the transition between a core shear failure
mode and a compressive failure mode of the upper skin. As a consequence, a
failure mode map was designed based on existing theories and taking into account
the dispersion of the mechanical properties of the core. This approach seems
promising for sizing this kind of structure. In addition, the fatigue behaviour of
this material was studied under three-point bending. The fatigue performances
appear slightly lower than those of GFRP/foam cored sandwiches, but remain
comparable. One can conclude that this material would be suitable for some semi-
structural applications currently using GFRP/foam sandwich structures and sub-
jected to fatigue loadings. The evolution of the loss factor with the number of cycles
during fatigue cycles was also studied, revealing interesting damping properties for
the first cycles. Additional experimental tests, involving non-destructive methods
such as the acoustic emission technique, could probably help to determine more
precisely the relation between damage evolution and loss factor evolution.
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